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DICER is a key enzyme that processes microRNA and small inter-
fering RNA precursors into their short mature forms, enabling them
to regulate gene expression. Only a single Dicer gene exists in the
mouse genome, and it is broadly expressed in developing tissues.
Dicer-null mutants die before gastrulation. Therefore, to study
Dicer function in the later event of lung formation, we inactivated
it in the mouse lung epithelium using a Dicer conditional allele and
the Sonic Hedgehogcre (Shhcre) allele. Branching arrests in these
mutant lungs, although epithelial growth continues in distal do-
mains that are expanded compared with normal samples. These
defects result in a few large epithelial pouches in the mutant lung
instead of numerous fine branches present in a normal lung.
Significantly, the initial phenotypes are apparent before an in-
crease in epithelial cell death is observed, leading us to propose
that Dicer plays a specific role in regulating lung epithelial mor-
phogenesis independent of its requirement in cell survival. In
addition, we found that the expression of Fgf10, a key gene
involved in lung development, is up-regulated and expanded in the
mesenchyme of Dicer mutant lungs. Previous studies support the
hypothesis that precise localization of FGF10 in discrete sites of
the lung mesenchyme serves as a chemoattractant for the out-
growth of epithelial branches. The aberrant Fgf10 expression may
contribute to the Dicer morphological defects. However, the mech-
anism by which DICER functions in the epithelium to influence
Fgf10 expression in the mesenchyme remains unknown.

Fgf10 � microRNA � small interfering RNA

DICER, an RNase III endonuclease, is the enzyme that
cleaves microRNA (miRNA) and small interfering RNA

(siRNA) precursors into �22-nucleotide species (1). This cleav-
age is an essential step in the biogenesis of these small noncoding
RNA molecules. In their mature forms, siRNAs and miRNAs
function to regulate gene expression through different mecha-
nisms. siRNAs function by establishing perfect or near-perfect
base pairing with their mRNA targets and guiding cleavage of
these targets into small RNA fragments. Through this mecha-
nism, endogenous siRNAs silence the expression of the same
locus from which they originate (‘‘autosilencing’’) (1). Although
miRNAs can also guide cleavage of target mRNAs, in mammals
most miRNAs regulate gene expression by forming imperfect
base pairing to sequences in the 3� UTRs of their target mRNAs,
triggering translational repression. Recently, evidence from
mammalian cell culture as well as Caenorhabditis elegans exper-
iments suggests that miRNAs through translation repression can
also cause a decrease in transcripts, likely by facilitating the
relocation of the target mRNAs to cytoplasmic compartments,
called ‘‘P-bodies,’’ where they are degraded (2–4). Regardless of
the mechanism, miRNAs silence the expression of target genes
at different genomic loci from which they originate (‘‘hetero-
silencing’’). Currently, there are �250 miRNAs identified in the
mouse genome. They are estimated to regulate the expression of
�30% of the genes in the genome (5).

Only one Dicer gene exists in the mouse genome, which
presumably mediates the processing of all miRNAs and endog-

enous siRNAs. Several mutant alleles of Dicer have been gen-
erated in mouse, and analyses of their phenotypes demonstrate
that Dicer functions in multiple developing tissues. Dicer-null
embryos arrest at embryonic day 7.5 (E7.5) with reduced
expression of Oct4, an embryonic stem cell marker (6). This
finding suggests that Dicer is essential for stem cell maintenance
in the early embryo. Characterization of a hypomorphic allele of
Dicer shows that it is essential for angiogenesis (7). Conditional
inactivation of Dicer in the mouse limb bud mesenchyme led to
the conclusion that Dicer is essential for cell survival and
subsequent formation of proper limb skeletal elements (8). The
requirement for Dicer in cell survival is consistent with data from
cell culture experiments (9).

In this study, we investigate Dicer function in lung develop-
ment. The mammalian lung develops from a ventral evagination
of the foregut epithelium into the surrounding splanchnic mes-
enchyme (10). The nascent lung consists of a proximal trachea
and two distal primary buds. As development proceeds, the buds
extend and the epithelium undergoes elaborate branching mor-
phogenesis into the adjacent mesenchyme to form the mature
lung, which consists of one left lobe and four right lobes. Based
on existing evidence, it is proposed that reciprocal signaling
between the epithelium and the mesenchyme is crucial for the
stereotypical pattern of lung branching (11). A key molecule in
this process is FGF10, which is located in the mesenchyme at
discrete sites toward which future epithelial branches will grow.
In vitro data show that FGF10-soaked beads stimulate the
outgrowth and chemotaxis of isolated lung epithelium toward
the protein source, suggesting that FGF10 functions as a che-
moattractant for epithelial branches (12). In addition, FGF10
induces the expression of genes such as Bmp4 and Spry2 in the
epithelium (12, 13). These molecules, in turn, function to inhibit
FGF10 activity, thereby limiting the extent of each outgrowth
event.

By RNA in situ hybridization, it was shown that Dicer is
expressed in the developing mouse lung when branching mor-
phogenesis initiates (14). Here we explore Dicer function in lung
formation by inactivating it in the mouse lung using the Cre�loxP
approach. Lungs that lack Dicer in the epithelium fail to branch
normally, demonstrating that Dicer is essential for proper lung
epithelial morphogenesis.

Results
Inactivation of Dicer Function by Using Shhcre. To bypass the early
embryonic lethality of the Dicer-null mutant, we inactivated the
gene using an existing conditional allele (8). In this allele
(Dicerflox), an exon encoding a portion of the second RNaseIII
domain is f lanked by loxP sites (f lox). This exon can be deleted
upon Cre-mediated recombination. In generating this allele (8),
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it was shown that recombination of this allele in all cells of the
embryo phenocopies the reported null allele (6), suggesting that
removal of the second RNaseIII domain disrupts DICER func-
tion. Furthermore, it was shown that miRNAs are not processed
in primary fibroblasts or limb bud mesenchyme homozygous for
this recombined allele (8).

To inactivate Dicer in the lung epithelium, we used mice
carrying the Shhcre allele (15). This allele was generated by
insertion of Cre into the Shh ORF. Thus, Cre is active in
Shh-expressing tissues, including the lung. To analyze in detail
Shhcre activity in the lung, we mated mice carrying this allele to
the R26R reporter mice (16). In Shhcre/�;R26R embryos, lacZ
was transcribed in cells that express Cre and in all of the
descendants of these cells. At the 14-somite stage (�E9.0), which
is before lung initiation, substantial �-galactosidase (�-gal)
activity was detected in the foregut endoderm at the prospective
lung region (Fig. 1A). At E9.5, when lung outgrowth initiates,
�-gal activity was robust in the lung region (Fig. 1B). Consistent
with this early robust activity, �-gal activity was detected in the
entire lung epithelium at E12.5, �1 day after lung branching
morphogenesis was initiated. No �-gal activity was detected in
lung mesenchyme (Fig. 1C). These results suggest that the Shhcre

allele can be used for efficient Cre-mediated recombination in
the lung epithelium before lung initiation.

To address the timing of Dicer inactivation by Shhcre, we
performed RNA in situ analysis using a probe targeted to the
deleted exon of Dicer. We found that at E10.5 Dicer mRNA was
detected in both mutant and wild-type lungs (data not shown).
At E11.75, however, Dicer mRNA was detected in the control
lung epithelium (n � 3�3) but not in the mutant (n � 5�5) (Fig.
1 D and E). To confirm our in situ data, we performed RT-PCR
analysis on isolated lung epithelium using primers that are
predicted to amplify a PCR product from the wild-type tran-
script but not the inactivated transcript. At E10.5, a Dicer
RT-PCR product was detected in both the wild-type and mutant
epithelia (data not shown). However, at E11.5, a Dicer RT-PCR
product was detected only in the wild-type, but not the mutant,
epithelium (Fig. 1F). These RNA in situ and RT-PCR results
together indicate that Dicer is inactivated between E10.5 and
E11.5 in the mutant lung epithelium. This is �2.5 days after
widespread Cre activity is observed in this region (at E9.0). We
speculate that wild-type Dicer transcript remains between E9.0
and E11.5 because of either incomplete Cre-mediated recom-
bination or persistence of wild-type Dicer transcripts that were
synthesized before recombination.

Dicer Inactivation in Lung Epithelium Results in Dramatic Branching
Defects. To address the defects resulting from Dicer inactivation
in lung epithelium, we first established Shhcre/�;Dicerflox/� lungs
as control samples. This is important because the Shhcre allele
was generated by insertion of Cre into the Shh coding region
(15). Thus, only one wild-type copy of Shh remains in Shhcre/�;
Dicerflox/flox (Shhcre;Dicer) mutants. We found that Shhcre;Dicer
mutant mice die at birth and exhibit gross morphological lung
defects. In contrast, the Shhcre/�;Dicerflox/� control mice are
viable and have normal lungs, suggesting that the phenotype
observed in the mutant is not a result of loss of one wild-type Shh
allele and one wild-type Dicer allele.

At E15.5, instead of the characteristic tree-like arborization
visible in the control lung, the epithelial cells in the mutant lung
formed large, f luid-filled sacs within each lobe (Fig. 2 A and B).
Despite this striking branching defect, the mutant lung exhibited
a normal lobation pattern. Each lobe maintained a normal
shape, albeit proportionally smaller than control samples (Fig. 2
A and B). Histological sections showed that cells in the epithe-
lium of the E15.5 mutant lung displayed a range of morphologies
found in the control lung epithelium, including stratified,
pseudostratified, and simple columnar (Fig. 2 C–F). Unlike the
control lungs, where the epithelium adhered tightly to the
mesenchyme, the mutant epithelium was often detached from
the mesenchyme.

To define the primary morphogenesis defect in Shhcre;Dicer
lungs, we examined the epithelial branching phenotype at earlier
stages. The outlines of the epithelial cells were visualized with
E-cadherin antibody (Fig. 3). We found that the earliest differ-

Fig. 1. Cre activity and Dicer inactivation. (A–C) Cre activity of the Shhcre

allele at E9.0 (A) and E9.5 (B) and in an E12.5 lung (C) as assayed by �-gal
staining of Shhcre/�;R26R�� embryos. Arrowheads indicate prospective lung
region. (D and E) Dicer RNA expression in E11.75 control (D) and mutant (E)
lungs as assayed by RNA in situ hybridization using a probe hybridizing to the
exon that is floxed in the Dicer conditional allele. (F) RT-PCR of E11.5 control
(c) and Shhcre;Dicer mutant (m) lung epithelium to illustrate that Dicer is
inactivated in the mutant at this stage.

Fig. 2. Morphology of Shhcre;Dicer mutant lung. E15.5 lungs shown in
whole mount (A and B, left lobes only) or in plastic sections (C–F). Each control
and Shhcre;Dicer mutant pair is shown at the same magnification. The R26R
reporter for Cre activity is included in both the control (Shhcre/�;Dicerflox/�;
R26R��) and mutant (Shhcre/�;Dicerflox/flox;R26R��) lungs. The epithelium is
outlined in blue by �-gal staining. Plastic sections are counterstained with
eosin to show mesenchymal cells in pink. To ensure penetration of substrate,
a control lung lobe was dissected into small pieces before �-gal staining,
followed by plastic sectioning. Hence, only a portion of the control lung is
captured in the plastic section shown in C. E and F are magnified views of the
boxed areas in C and D, respectively. Insets in E and F are magnified views of
the boxed areas within the same panel. The arrowhead in F points to a region
where the epithelium is detached from the mesenchyme.
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ence in branching pattern was observed at E12.5, �1 day after
Dicer inactivation on the mRNA level. In mutant lungs at E12.5
(n � 6�6), fewer branches were observed, and the distal tips of
the newly formed branches were dilated compared with those of
control littermates (n � 20) (Fig. 3 C and D). This phenotype was
further exaggerated at E13.5 in the mutant (n � 2�2) compared
with control (n � 8) (Fig. 3 E and F). The number of dilated
branching tips in the E12.5 mutant corresponds to the number
of visible sacs at E15.5, suggesting that formation of new
branches arrested in the mutant at E12.5, while epithelial growth
continued. The size of each of the mutant lung lobes remained
normal until E13.5 (Fig. 3 E and F) and was reduced compared
with control after this stage (Fig. 2 A and B and data not shown).

Prolonged and Ectopic Cell Death Is Observed in the Dicer Mutant
Lung. Dicer is important for maintaining cell survival in culture
and in developing limb buds (8, 9). To address whether Dicer is
important for cell survival in the developing lung, we examined
cell death in Shhcre;Dicer and control lungs. Using LysoTracker
staining to label apoptotic cells, we detected dynamic patterns of
cell death in both the control and mutant lungs (Fig. 4).

In control (Shhcre/�;Dicerflox/�) lungs at E12.25, cell death was
detected in the majority of the samples in the trachea and
primary bronchi (n � 11�13) (Fig. 4 A and C and data not
shown). To address whether this cell death pattern was due to
loss of a single allele of Shh and�or Dicer in the control samples,
we examined wild-type (FVB�N background) lungs. In these
lungs we detected a similar pattern of cell death at E12.25 (n �
8�8) (data not shown), suggesting that proximal cell death is a
naturally occurring process during normal lung development.
Interestingly, shortly thereafter at E12.5, cell death was no longer
detected in the majority of both the control and wild-type lungs
(n � 14�20 for control, and n � 8�8 for wild type) (Fig. 4 E and
G). The same was true at later stages (Fig. 4 I and K and data

not shown), suggesting that normal epithelial cell death occurs
only in a restricted time window.

In mutant lungs at E12.25, cell death occurred in the trachea
and primary bronchi similar to control and wild type. In addition
to this normal pattern, in the mutant cell death extended into the
secondary bronchi but not into the distal branching region of the
lung (n � 2�2) (Fig. 4 B and D). At E12.5 (n � 6�6) (Fig. 4 F
and H) and E12.75 (n � 4�4) (data not shown), intense cell death
remained in the trachea and bronchi in mutant lungs, even
though it was attenuated in the control and wild type. Again, in
the mutant lungs, no cell death was observed in the distal
branching region. However, by E13.0 (n � 4�4) (data not shown)
and E13.5 (n � 2�2) (Fig. 4 J and L), aberrant cell death was
detected in the entire mutant lung, including the distal branching
region. Analysis using vibratome sections showed that this cell
death was restricted to the epithelium, where Dicer is inactivated
(Fig. 4 M–P). By E15.5, cell death in the mutant lung was reduced
in intensity both proximally and distally (data not shown). The
key finding from our cell death analysis is that, in the distal
region of the mutant lung, aberrant cell death was first detected
at E13.0, after the morphogenesis phenotype became apparent
in the same region (E12.5).

Dicer Inactivation Leads to Changes in the Expression of Key Signaling
Molecules in the Lung. Our histological and cellular analyses show
that Dicer is required in the lung epithelium for branching
morphogenesis. This conclusion, together with the known role of
DICER in processing double-stranded RNAs, led us to hypoth-
esize that the branching phenotype may be explained by mis-
regulation of important branching factors due to the absence of

Fig. 3. Epithelial branching patterns in Shhcre;Dicer lungs. Epithelial cells are
labeled with anti-E-cadherin antibody. At each stage, control and Shhcre;Di-
cer mutant lungs are shown at the same magnification. Branching in the
mutant was similar to normal control at E12.0 (A and B) but was reduced at
E12.5 (C and D) and E13.5 (E and F). The dashed white lines outline the lung
lobes. Note that the overall size of the mutant lung lobes was similar to that
of controls at all three stages, even though the epithelial surface area was
reduced in the mutant at E12.5 and E13.5 because of reduced branching.

Fig. 4. Cell death analysis of Shhcre;Dicer lungs. Cell death was detected by
LysoTracker Red staining in whole mount (A–L) or vibratome section (M–P) at
the stages indicated. Each control and mutant pair is shown at the same
magnification. C, D, G, H, K, and L are magnified views of the boxed areas in
A, B, E, F, I, and J, respectively. O and P are bright-field images of sections
shown in M and N, respectively. Arrowheads in B and F indicate the distal
extent of the cell death that is present in secondary bronchi. Representative
proximal (Pr) and distal (Di) axes of the lung are indicated in A and C. In control
lungs, cell death was detected in the trachea and primary bronchi at E12.25
but not at E12.5 or later stages. In mutant lungs, cell death was detected in the
trachea and primary and secondary bronchi at E12.25 and E12.5. In E13.5
mutant lungs, cell death was detected in the entire lung epithelium but not in
the mesenchyme.
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mature miRNAs or siRNAs. To test this hypothesis, we assayed
for the expression of genes known to play a role in branching at
E12.5 (Fig. 5). Because this stage precedes apparent cell death
in the distal epithelium, any change in gene expression is not
likely due to cell death. In a normal developing lung, Fgf10 is
expressed in restricted sites in the mesenchyme whereas both
Spry2 and Bmp4 are expressed mainly in the distal epithelium. In
the mutant, we found that the expression of Fgf10 was up-
regulated in the mesenchyme (n � 9�9), and that of Spry2 and
Bmp4 was up-regulated in the epithelium (n � 2�2 and n � 3�3,
respectively) (Fig. 5 A–F).

Because Spry2 and Bmp4 gene expression are responsive to
FGF10 signaling, their up-regulation may be secondary to that
of Fgf10 (12, 13). To address this possibility, we assayed the
expression of these genes at E11.75 before the appearance of the
morphogenesis defect described above. We found that Fgf10 is
up-regulated (n � 4�5) whereas Spry2 and Bmp4 (n � 2�2 and
n � 3�3, respectively) are expressed in the mutant lungs at a level
similar to control (Fig. 5 G–L). This finding suggests that the
up-regulation of Spry2 and Bmp4 observed at E12.5 is likely due
to the prior increase in Fgf10 expression. Given the role of
FGF10 as a chemoattractant for outgrowth, this up-regulation of
Fgf10 expression is consistent with the branching morphogenesis
phenotype observed in the Dicer mutant lung.

Discussion
In this study, we inactivated Dicer function in lung epithelium
shortly after the initiation of lung branching. Dicer mutant lungs
exhibit two major cellular defects: a disruption in epithelial
morphogenesis and an increase in epithelial cell death. Because
abnormal cell death in the distal region of the lung is observed
at a stage later than the morphogenesis defect, we propose that
Dicer function is specifically required for epithelial morphogen-
esis independent of its role in cell survival. Dicer may also
function in lung initiation and�or cell differentiation. These roles
can be investigated by inactivating Dicer in the lung at an earlier
or a later time than in this study.

In Shhcre;Dicer mutant lungs, the increase in cell death is
first observed in the proximal epithelium at E12.25 before it
is detected in the distal epithelium at E13.0. This difference in
timing is intriguing because our analysis of Cre activity (Fig. 1
A and B) predicts that Dicer is inactivated in different regions

of the lung epithelium at the same time. A likely explanation
for this cell death phenotype is that proximal and distal
epithelial cells may have different cell survival requirements.
This possibility is supported by our observation that in wild-
type developing lungs cell death is observed in the proximal
but not distal epithelium at E12.25, before overt cell differ-
entiation. To our knowledge, this transient, endogenous cell
death in the proximal lung epithelium has not been described
before in published literature. It may represent a process of
‘‘epithelial trimming’’ possibly to prime this cell layer for
differentiation. Cell death is similarly essential for other
normal developmental events, such as neural tube closure (17).
In the future, it will be important to investigate the significance
of normal cell death during proximal lung development and
the signals regulating this event.

Increased cell death was also detected in the limb buds of
limb-specific Dicer mutants and was postulated to be respon-
sible for all morphological phenotypes observed in those limbs
(8). In contrast, in Shhcre;Dicer lungs the morphogenesis
defect is observed before increased cell death distally. We
focus on cell death in distal lung because outgrowth and
branching occurs in this region. Because the cell lineages that
give rise to proximal structures (trachea and bronchi) versus
distal structures (bronchioles and alveoli) are distinct before
lung formation (18), it is unlikely that the increased cell death
in the proximal lung, which is detected at an earlier stage than
distal cell death, can impact distal epithelium morphogenesis.
Although we cannot exclude the idea that a change in prolif-
eration may inf luence the Dicer phenotype, our current data
led us to propose that the morphogenesis defects result from
dramatic changes in the molecular program for branching. This
finding is supported by the observation that the expression of
Fgf10, Spry2, and Bmp4 is up-regulated in E12.5 Shhcre;Dicer
lungs (Fig. 5 A–F). It is interesting to note that Spry2 up-
regulation is also observed in Dicer mutant limb buds (8). As
indicated in the limb study, miRNA binding sites are identified
in the Spry2 3� UTR, suggesting that Spry2 expression may be
directly regulated by miRNAs present in the limb bud. How-
ever, in the Shhcre;Dicer mutant lung at E11.75, we found that
the expression of Spry2 is not changed, whereas that of Fgf10
is up-regulated (Fig. 5 G–J). In light of the evidence that Spry2
is positively regulated by FGF signaling at the transcriptional
level (13), it is plausible that Spry2 up-regulation observed in
Shhcre;Dicer lungs at E12.5 is due to an earlier increase of
FGF10. Bmp4 is up-regulated in E12.5 but not in E11.75
mutant lungs (Fig. 5 E, F, K, and L), consistent with previous
findings that this gene is positively regulated in the lung
epithelium by FGF signaling from the mesenchyme (19). Our
evidence suggests that up-regulation of Fgf10 in the Shhcre;Di-
cer mutant lungs leads to changes in the expression of other
genes that are essential for lung morphogenesis.

Several lines of evidence support the hypothesis that the
increase in Fgf10 expression in Shhcre;Dicer lungs contributes
to the morphogenesis phenotype. First, Fgf10 is up-regulated
(at E11.75) before any apparent morphological defect (E12.5)
(Figs. 3 C and D and 5 G and H). Second, given the model that
FGF10 functions as a chemoattractant for lung epithelial
outgrowth, we postulate that the expansion of the Fgf10
expression domain in the Dicer mutant mesenchyme would
stimulate the outgrowth of an extended portion of the distal
epithelium, consistent with the phenotype observed. Third, the
aberrant Fgf10 expression pattern can also explain the arrest
in new branch formation. In wild-type lungs, it is proposed that
Fgf10 expression is continually shifted to new sites in the
mesenchyme, facilitating dynamic changes in the direction of
epithelial outgrowth (20). In Dicer mutant lungs, as the Fgf10
expression domain is expanded into most of the distal mes-
enchymal region, it can no longer shift to new sites of

Fig. 5. Gene expression in Shhcre;Dicer lungs. Shown is whole-mount RNA
in situ analysis of Fgf10, Spry2, and Bmp4 expression in control and mutant
lungs at E12.5 (A–F) and E11.75 (G–L). At E12.5, the expression of all three
genes was increased in the mutant compared with control. At E11.75, Fgf10
expression was increased in the mutant, whereas Spry2 and Bmp4 expression
was not changed compared with control. Note that in B and H, despite Fgf10
up-regulation, there were still regional differences in expression level within
each of the mutant lungs, similar to controls in A and G.
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expression. Thus, there is no focal change in the direction of
epithelial growth. Although Fgf10 up-regulation is consistent
with the morphological defects observed in the Shhcre;Dicer
mutant lung, it remains possible that changes in the expression
of other genes are responsible for the phenotype.

In considering the possible mechanism of DICER regulation
of Fgf10, it is important to note that in the Shhcre;Dicer lungs
Dicer is inactivated in the epithelium, whereas Fgf10 is up-
regulated in the mesenchyme. Given the present data, we offer
two models for this regulation. In one model (Fig. 6A), a key
miRNA�siRNA(s) expressed in the epithelium is processed by
DICER, then travels to the mesenchyme to inactivate Fgf10 on
the transcriptional and�or translational level. Although sys-
temic transport of small RNAs across cellular boundaries has
yet to be demonstrated in mammals, this process is well
documented in C. elegans (21). According to this model, in the
Dicer mutant lung, depletion of mature miRNA�siRNAs leads
to an increase in the stability of Fgf10 transcripts. In an
alternative model (Fig. 6B), a key miRNA�siRNA(s) down-
regulates the amount of a secreted protein (protein X) pro-
duced in the epithelium. We propose further that, as this target

protein is released from the epithelium, it promotes Fgf10
expression in the mesenchyme. Thus, in the Dicer mutant lung,
depletion of mature miRNA�siRNAs leads to an increase of
the secreted protein, and this in turn up-regulates Fgf10
expression in lung mesenchyme.

It is significant that our results reveal a mechanism for the
regulation of Fgf10 expression. The current model of lung
branching morphogenesis proposes that the precise and dynamic
localization of FGF10 defines the stereotypic positions and
sequence of lung epithelial branch formation (11, 20). Thus, the
regulation of Fgf10 expression is of key importance in epithelial
morphogenesis. However, little is known about the mechanisms
that govern this regulation. We note that in Dicer mutant lungs,
even though there is a general increase in Fgf10 expression, its
level in the distal mesenchyme still varies from region to region
(Fig. 5 B and H), similar to controls. This finding suggests that
the underlying positional cue establishing Fgf10 expression do-
mains in the lung mesenchyme remains in effect, whereas the
machinery responsible for attenuating its expression level and
restricting its expression domains is disrupted. Future work is
needed to elucidate the mechanisms of DICER regulation of
Fgf10 and DICER function in embryonic lung morphogenesis.

Materials and Methods
Generation of Dicer Lung Mutants. Mice carrying a conditional
f loxed allele of Dicer (Dicerflox) (8) were mated to mice carrying
the Shhcre allele (15) to generate Shhcre/�;Dicerflox/flox mutant
embryos. Offspring were genotyped by using the following PCR
primer pairs: for Cre, 5�-TGATGAGGTTCGCAAGAACC-3�
and 5�-CCATGAGTGAACGAACCTGG-3� (product size: 420
bp); for Dicer, 5�-CCTGACAGTGACGGTCCAAAG-3� and
5�-CATGACTCTTCAACTCAAACT-3� (product sizes: 420 bp
from the Dicerflox allele and 351 bp from the wild-type Dicer
gene).

Embryo Isolation and Phenotype Analyses. Embryos were dissected
from time-mated mice, counting noon on the day the vaginal
plug was found as E0.5. Whole-mount in situ hybridization was
performed as described in ref. 22. The Dicer in situ probe was
prepared from a plasmid containing the entire exon 23 se-
quence. This exon is removed from the f loxed allele upon Cre
exposure. For RNA in situ analysis of Fgf10, Spry2, and Bmp4
expression, E12.5 mutant and control lungs were processed in
the same tube using each probe. At E11.75, because mutant
and control lungs cannot be distinguished based on morphol-
ogy, the mutant and control samples were processed in sepa-
rate tubes, but by using identical aliquoted reagent for each
probe. To detect E-cadherin protein, immunof luorescence
staining was performed by using a rat anti-E-cadherin antibody
(Sigma) as described in ref. 23. To assay Cre activity and label
the lung epithelium with �-gal expression, the R26R reporter
line (16) was introduced into either the control or the mutant
background. �-gal activity was assayed by using a standard
protocol. For histological analysis, embryonic lungs were fixed
in 4% paraformaldehyde after �-gal staining and embedded in
JB-4 plastic resin (Polysciences) according to the manufactur-
er’s protocol. Sections were cut at 5 �m and counterstained
with 1% eosin. Areas of cell death were detected by stain-
ing with LysoTracker Red DND-99 (Molecular Probes) by
using a modified protocol (24). For preparation of vibratome
sections, embryonic lungs were fixed in 4% paraformaldehyde
for 2 h, embedded in 4% low melting agarose, and sectioned
at 50 �m.

RT-PCR Analysis. For normal and Shhcre;Dicer mutant embryonic
lungs (two pairs each), the epithelium was isolated from the
mesenchyme by using a protocol described in ref. 19. Briefly, the
embryonic lung buds were dissected in calcium and magnesium-

Fig. 6. Two models of DICER function in regulating Fgf10 expression during
lung epithelium morphogenesis. In both models, DICER protein produced in
the lung epithelium (green domain) cleaves precursor miRNAs�siRNAs to their
mature form. In one model (A), we hypothesize that mature miRNA�siRNAs
travel to the mesenchyme (purple domain) and directly regulate the expres-
sion of target gene Fgf10. In an alternative model (B), we hypothesize that the
mature forms of one or more of the key miRNAs�siRNAs inhibit the expression
of a presently unknown gene X on the RNA or protein level. We propose that
gene X encodes a protein that is secreted into the adjacent mesenchyme and
functions as a positive regulator of Fgf10 expression. In both models, FGF10
produced in the mesenchyme then acts as a chemoattractant for epithelium
outgrowth and branching. When Dicer is inactivated in the lung epithelium,
we postulate that the mature form of the key miRNA�siRNA(s) is depleted,
leading to an increase of Fgf10 transcripts. This increase may contribute to the
morphogenesis phenotype observed in Shhcre;Dicer lungs.
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free PBS (CMF-PBS), incubated in 0.5% trypsin and 1% pan-
creatin for 5 min at 4°C, then washed in CMF-PBS with 40%
FBS. The lung epithelium was then teased from the mesenchyme
by using tungsten needles. Total RNA was prepared by using
TRIzol (Invitrogen). First-strand synthesis was carried out by
using the SuperScript First Strand cDNA Synthesis kit (Invitro-
gen). PCR was performed by using the following primer pairs:
for �-actin, 5�-TGGGTCAGAAGGACTCCTATGTG-3� and
5�-GTGGTACGACCAGAGGCATACAG-3� (product size:
307 bp); for Dicer, 5�-ACCAGCGCTTAGAATTCCTGG-
GAG-3� and 5�-GCAGCAGACTTGGCGATCCTGTAG-3�.
This Dicer primer pair (one hybridizing to the floxed exon 23 and
the other to exon 27) is predicted to yield a PCR product (610

bp) from the control transcript, but not the inactivated mutant
transcript.
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